We recently reported statistical analysis of structural data on glycosidic linkages. Here we extend this analysis to the glycan± protein linkage, and the peptide primary, secondary, and tertiary structures around N-glycosylation sites. We surveyed 506 glycoproteins in the Protein Data Bank crystallographic database, giving 2592 glycosylation sequons (1683 occupied) and generated a database of 626 nonredundant sequons with 386 occupied. Deviations in the expected amino acid composition were seen around occupied asparagines, particularly an increased occurrence of aromatic residues before the asparagine and threonine at position 2. Glycosylation alters the asparagine side chain torsion angle distribution and reduces its flexibility. There is an elevated probability of finding glycosylation sites in which secondary structure changes. An 11-class taxonomy was developed to describe protein surface geometry around glycosylation sites. Thirty-three percent of the occupied sites are on exposed convex surfaces, 10% in deep recesses and 20% on the edge of grooves with the glycan filling the cleft. A surprisingly large number of glycosylated asparagine residues have a low accessibility. The incidence of aromatic amino acids brought into close contact with the glycan by the folding process is higher than their normal levels on the surface or in the protein core. These data have significant implications for control of sequon occupancy and evolutionary selection of glycosylation sites and are discussed in relation to mechanisms of protein fold stabilization and regional quality control of protein folding. Hydrophobic protein± glycan interactions and the low accessibility of glycosylation sites in folded proteins are common features and may be critical in mediating these functions.
Introduction
Carbohydrates attached to proteins can play a wide variety of roles. A major function of protein-linked glycans is to provide additional recognition epitopes for protein receptors (Drickamer and Taylor, 1993; Lis and Sharon, 1998) . Such recognition events are involved in a wide range of processes, including protein trafficking, initiation of inflammation, and host defense (Lasky, 1995; Maly et al., 1996; Crocker, 2002) . In these cases, the location of the glycan attachment site on the protein is unlikely to be critical to function but will depend on the precise sequence of the glycan (Gagneux and Varki, 1999) . Of particular interest is the role of glycan recognition in the glycoprotein chaperone-assisted folding and quality control mechanisms (Parodi, 2000a,b) . There is increasing evidence that this process also depends on the precise location of the N-glycosylation sites because the quality control mechanism appears to be regional and so not all glycans are equally important in the folding process Daniels et al., 2003) .
Considerable work has been done to characterize the sequences of oligosaccharides attached to proteins (Rudd and Dwek, 1997; Duus et al., 2000) and to determine their 3D structures (Imberty and Perez, 2000) . Databases are available for glycan primary structures (Cooper et al., 2001) , and we have recently reported on the statistical analysis of the available X-ray diffraction data on oligosaccharide linkage conformations (Petrescu et al., 1999; Wormald et al., 2002) .
In addition to their role as recognition markers, the size and hydrophilicity of glycans or simply their presence at definite locations can alter the behavior of glycoproteins, making them more soluble or stable, protecting them locally from proteolysis or aggregation, or masking their antigenic sites (Dwek, 1996; Rudd et al., 1999; Wormald and Dwek 1999; Helenius and Aebi, 2001 ). However, there have been few systematic studies of the locations of such sites in proteins. There is a database of O-glycosylated proteins (Gupta et al., 1999) and statistical analysis has been performed on the sequences around such sites to identify preferential motifs for O-glycosylation (Christlet and Veluraja, 2001) . Potential N-glycosylation sites can be identified by the presence of the Asn-X-Ser/Thr sequon in peptide sequence databases (Apweiler et al., 1999) . However, it is very difficult to determine which of these sites are occupied, even if the protein in question is known to be glycosylated. Structural analysis by X-ray crystallography provides direct and unambiguous evidence for the occupancy of a glycosylation site. Evidence from X-ray crystallography for the unoccupancy of a site is more ambiguous because the absence of the glycan is only one reason for the absence of resolved electron density.
Some results on the analysis of crystallographic N-glycosylation sites are available. Imberty and Perez (1995) surveyed the stereochemistry of 44 N-glycosylation sites.
They concluded that modified Asn residues showed the same distribution of conformations as observed for unmodified residues, and that 25% of N-glycosylation sites occurred on b-turns. Veluraja and co-workers surveyed 696 N-glycosylation sites (Christlet et al., 1999) . They concluded that the residues Gly, Asn, and Phe occur more frequently at position X and analyzed in detail the backbone conformations of the Asn-X-Ser/Thr sequons.
In this article, we survey 2592 glycosylation sequons in glycoproteins, defined as proteins in which at least one occupied glycosylation site is observed directly in the crystal structure, 1683 of which are occupied. We analyze the conformational preferences of the Asn side chain and Asn-glycan linkage on this full data set. A subset of 626 nonredundant sequons, 386 of which are occupied, was also generated. On this subset, we analyze the statistical distribution of amino acids in a 35-residue stretch around the glycosylation site, the secondary structure in which the N-glycosylation sites occur, and the protein surface topology and properties around the glycosylation site.
The statistical analysis of the sequence around glycosylation sites can provide insights into the selectivity of the oligosaccharyl transferase (OST) complex. Because glycosylation is cotranslational, the secondary and tertiary structure around a glycosylation site will have no direct effect on whether that site is occupied. However, the statistical analZysis of the secondary and tertiary structure can provide insights into the types of N-glycosylation sites that have been selected and retained during evolution.
Results
A full data set of glycoprotein structures in which at least one N-linked glycan is resolved was obtained by exhaustive search of the Brookhaven Protein Data Bank (PDB) (Berman et al., 2000) . The complete set of putative N-glycosylation sites was obtained by scanning this set of glycoproteins for Asn-X-Ser/Thr sequences. These were classified as occupied based on the presence of a GlcNAc residue at that site in the crystal structure. Many files examined in this survey contained identical or very closely related glycoproteins, crystallized in various conditions by different laboratories, or multiple copies of a glycoprotein in the unit cell. To obtain a nonredundant set the complete set of Nglycosylation sites was clustered in families followed by picking one representative member from each family as discussed in Materials and methods. The full data set contained 2592 sequons from 506 structures, and the nonredundant set contained 626 sequons from 216 structures (Table I) . A site identified as unoccupied in these structures may be the result of the initial absence of a glycan (true unoccupancy), sample processing prior to crystallization, or the absence of interpretable electron density and so have to be treated as a set enriched in unoccupied sites rather than a pure set of unoccupied sites. Therefore we focus only on the occupied sites, 1683 in total, of which 386 nonredundant. Conformational analysis was performed on the full set (each structure being an independent experimental data set), whereas amino acid sequence, secondary structure, and surface property analyses were performed on the nonredundant set to avoid bias toward overrepresented protein families.
Occupation of N-glycosylation sites
Just under 65% of the potential glycosylation sequons are occupied in the full data set and just over 60% in the nonredundant data set (Table I) . Of these, approximately 70% are of the type Asn-X-Thr and 30% of the type Asn-X-Ser. This ratio is reversed in the set of unoccupied glycosylation sites with 41% Asn-X-Thr and 59% Asn-X-Ser. No occupied sequons of the type Asn-Pro-Ser/Thr were observed.
Amino acid sequence analysis around occupied N-glycosylation sites The probability of finding each amino acid at each sequence position around occupied and unoccupied glycosylation sites, from À9 to 25, has been calculated for the structures in the nonredundant data set. This region was chosen to include residues immediately around the glycosylation site (AE9) and downstream residues that may interact with the translocon complex while glycosylation occurs (glycosylation occurring approximately 30 residues from the ribosome; Varki et al., 1999) . The probabilities of finding proline, a hydrophobic amino acid, a hydrophilic amino acid, a basic amino acid or an acidic amino acid at each sequence position are shown in Figure 1A and compared to the probabilities of finding such amino acids at any point in the peptide sequence. As can be seen, the only significant differences between these two probabilities occur in the immediate vicinity of the glycosylation site (positions À6 to 4).
There is a marked preference for hydrophobic amino acids either side of the glycosylation site ( Figure 1A ). This preference is not uniform among hydrophobic amino acids. There is an increase in the probability of finding aromatic residues immediately before a glycosylation site, whereas there is an increased probability of finding small hydrophobic amino acids at position 1 and larger hydrophobic amino acids at position 3 ( Figure 1B ). It is interesting to note that there are corresponding decreases in the probabilities of finding an aromatic or large aliphatic hydrophobic The full data set consists of all structures with at least one GlcNAc residue linked to an Asn residue. The nonredundant data set consists of a subset of the full data set containing one representative from each occupied glycosylation site structural family (see Materials and methods for details).
A.-J. Petrescu et al. residue preceding unoccupied glycosylation sites (data not shown).
There is an increase in the probability of finding proline in the vicinity of a glycosylation site except for the complete absence of proline at position 1 (already noted) and a reduced probability at position 3. There are no significant alterations in the probabilities of finding a hydrophilic residue near an occupied glycosylation site and few alterations for basic residues. However, there is a notable reduction in the probability of finding acidic residues immediately before the glycosylation site. Again this is accompanied by an increased probability of finding acidic residues immediately before unoccupied glycosylation sites.
Conformation of the protein±glycan linkage
The torsion angles, f N and y N , for the Asn-GlcNAc linkage ( Figure 2) were measured for all the structures in the full data set of occupied glycosylation sites, as in this case each individual entry in the PDB is a separate experimental result. The side chain torsion angles, c 1 and c 2 , were measured for four subsets of Asn residues from the full data set: (1) Asn residues in occupied sequons ( Figure 3A ), (2) Asn residues in unoccupied sequons, (3) Asn residues not in glycosylation sequons and with a solvent accessibility greater than zero (i.e., surface residues, Figure 3B ), and (4) Asn residues not in glycosylation sequons and with a Protein glycosylation sites solvent accessibility of zero (i.e., buried residues). The statistical results are summarized in Table II .
As can be seen from Figure 2A , the Asn-GlcNAc linkage only adopts one significantly populated conformation at f N /y N 260.2 AE 21.1 /176.8 AE 12.0 . The y N distribution is much narrower than the f N distribution. Only 21 of the 1678 structures showed a cis amide bond (y N between À30 and 30
). The side chains of the glycosylated Asn residues fall in to three well-defined conformations ( Figure 3A ) with c 1 values of 60 , 180 , and 300 and c 2 of 180 , the latter showing a wide distribution. The three subsets of unmodified Asn residues all have very similar conformational behavior and show the same three conformers observed for the glycosylated subset. However, there are two very noticeable differences between the glycosylated subset and the other three. First, the width of the c 2 distribution is much smaller for the glycosylated Asn residues, the standard deviation reducing on average from 82.1 to 52.5 for all three conformers on glycosylation. Second, the relative populations of the three conformers are different for the glycosylated subset. The subsets of unmodified side chains all show a preference for the g À conformer (w 1 300 , 55.8%) over the t conformer (w 1 180 , 28.7%) with the g conformer (w 1 60 ) only present at 15.5%. For the glycosylated subset, the g conformer is still small, 18.3%, but the t conformer is now preferred (50.1%) compared to g À (31.6%).
Secondary structure around occupied N-glycosylation sites Figure 4A shows the analysis of secondary structure around glycosylated Asn residues in the nonredundant data set. As can be seen, occupied glycosylation sites can occur on all forms of secondary structure. There is a bias in favor of turns and bends:~27% and 17.5% of occupied sites are on turns and bends, respectively, whereas the overall incidence of these secondary structures in the nonredundant data set are 14% and 11%, respectively. The lowest incidence of A.-J. Petrescu et al. glycosylation sites is on helices, 10.5% compared to an overall incidence of helical structures of 23%. Figure 4B shows the probability of a change in secondary structure occurring around a glycosylation site, relative to the average rate of change of secondary structure. It is immediately obvious that the probability of secondary structure changes is strongly related to the presence of a glycan at the glycosylation site having statistically significant peaks in positions À2 and 0 (the glycosylation site), and a smaller increase in position 2.
Surface topology around occupied N-glycosylation sites
The surface geometry around all the occupied glycosylation sites in the nonredundant data set have been determined by direct inspection and categorized (see Materials and methods). The data are summarized in Table III and specific examples given in Figure 5 .
The repertoire of configurations in which glycosylation sites are located is impressive. The majority of sites are found in convex or flat regions of the surface (xx and xf: 44.2%). There are also a large number of glycosylation sites located on the edge of a groove or cleft in a flat surface (e: 18.6%) with the glycan filling partially or totally the depression. Around 10% of the glycans are situated in deep, narrow recesses in the protein surface (vv, vi) , with the first one or two glycan residues in close contact with the surrounding amino acids.
A more quantitative approach to the local surface structure is to measure the accessibility of the Asn side chain atoms to a probe the size of a monosaccharide (~3 A Ê ). As well as a direct measure of the degree of exposure of the Asn residue and hence whether a glycan can be accommodated, Variation in the secondary structure change rate in the region À6 to 6 around an occupied glycosylation site, measured in standard deviations relative to the average value. The change rate was measured as the probability of having one type of structure in a given position followed by a different type for the next amino acid. p, probability of a change in secondary structure around an occupied glycosylation site; p ", average probability of a change in secondary structure; e p . standard deviation for the average probability of a change in secondary structure (see Materials and methods for details).
Protein glycosylation sites the value of the accessibility also gives some indication of the degree of conformational freedom of the glycan core once attached to the Asn. The accessibility values for Asn residues in occupied glycosylation sites are given in Table III . There is a very good correlation between the relative accessibility of the Asn side chain and the topological classification used, the vv sites giving the lowest accessibility and the xx sites the highest. Figure 6A shows the distribution of relative accessibilities of the unmodified Asn residue in all the potential Nglycosylation sites (occupied and unoccupied) in the nonredundant data set. This shows the decrease in accessibility of the Asn residue as a result of the protein tertiary structure, 100% being no decrease. There are surprisingly few potential sites at the very high accessibility end (xx) and a large number at the low accessibility end (vv). Figure 6B shows the percentage of sites of a given accessibility that are occupied. There is lower level of occupancy (40%) for sites with both very low and very high accessibilities.
The presence of the first GlcNAc residue prevents access to a significant proportion of the protein surface around the glycosylation site (Figure 7 ). The percentage of the protein surface protected is similar for sites of all accessibilities.
Chemical composition around occupied N-glycosylation sites The average chemical composition of the surface around N-glycosylation sites is shown in Figure 8A . As can be seen, there is a significantly above average occurrence of aromatic and Ser/Thr residues and a significantly below average occurrence of basic residues within 5 A Ê of a glycosylation site. Once the surface concerned is extended to a range of 10 A Ê from the glycosylation site, the composition moves back toward the average values. The high occurrence of Ser and Thr is not surprising, given their presence in the glycosylation sequon. To filter out such sequence effects, the analysis was repeated excluding all amino acids within the range À2 to 3 of the glycosylation site (results shown as an inset in Figure 8A ). The occurrence of aromatic and hydrophobic residues increases somewhat, and there is still a low occurrence of basic residues, but there is now a low occurrence of Ser/Thr as well. Figure 8B shows the distribution of all amino acid atoms within 4 A Ê of any glycan atoms, compared to the average composition of the protein surface and the protein core. With the exception of backbone carbonyl oxygen atoms and aromatic side chain atoms, the values for the protein± glycan contact areas lie between those of the surface and the core. The glycan makes proportionally fewer contacts with backbone carbonyl oxygen atoms and proportionally far more contacts with aromatic side chain atoms than would be expected based on the average composition of either the protein surface or the protein core.
Discussion
Due to technical difficulties the number of glycoproteins resolved by X-ray crystallography or nuclear magnetic resonance (NMR) spectroscopy is very limited. As can be seen from Table I , they represent less than 3% of the total number of reported 3D structures (~17,000), whereas over 50% of the eukaryotic proteins are glycosylated (Apweiler et al., 1999) . In the last few years, however, the number of resolved structures has increased, now reaching levels that make feasible a comparative analysis of the properties of the protein around glycosylation sites. There are a number of significant points that emerge from this study.
N-glycosylation sequon occupancy is modulated by local amino acid sequence but not by remote sequence N-glycosylation takes place in the endoplasmic reticulum (ER) and consists of the cotranslational transfer of a Glc 3 Man 9 GlcNAc 2 (G3M9) oligosaccharide from dolichol to an asparagine situated in an Asn-X-Ser/Thr sequon. The process is mediated by the OST complex and its efficiency depends on many cellular factors such as the translation rate, the levels of OST, and the availability of the dolichol bound G3M9. As a result of this complex cellular balance not all the potential glycosylation sites are occupied, the most recent estimate being 66% based on analysis of 749 well-characterized glycoproteins listed in the 75,000 entries in the SWISS-PROT database (Apweiler et al., 1999) . The value of 65% occupancy from our survey is very close to this Table III . Analysis of surface geometry and relative accessibility of the Asn residue to a 3 A Ê probe for all occupied glycosylation sites in the nonredundant data set Asn SC (ÀG), Asn side chain relative accessibility in the absence of the glycan; Asn SC (G), Asn side chain relative accessibility in the presence of the glycan; Asn Bkb (G), Asn backbone relative accessibility in the presence of the glycan A.-J. Petrescu et al. value and so suggests that most of the``unoccupied'' sites are due to absence of glycan rather than unresolved electron density.
At molecular level the process depends on the ability of OST to efficiently recognize N-glycosylation sites along the protein chain during translation. When emerging from the translocon the nascent chain may be assumed in an extended configuration, and its recognition by OST is assumed to mainly depend on the amino acids in the close vicinity of the Asn residue to be glycosylated. This is confirmed by our observation that there are no particular patterns of remote amino acid distribution associated with occupied glycosylation sites. However, there are local sequence variations that do appear to affect the level of glycosylation.
There is a large preference for Thr, as opposed to Ser, in position 2. This is in agreement with the observation that replacing Ser with Thr in the sequon results in an overall increase of the occupancy (Kasturi et al., 1995) . Proline is not present in position 1, and its incidence in position 3 is very low, again consistent with previous studies (Bause, 1983) . However, especially in Ser sequons, Pro reaches overexpected levels in positions À6, À3, and 4. A bend of the chain on either side of the sequon may be therefore favorable for recognition by the OST. Only two amino acids, Gly and Val, were found in position 1 with a probability more than one standard deviation above the expected value, in contrast to a previous report that Gly, Asn, and Phe were found preferentially at position 1 (Christlet et al., 1999) .
There is a clear preference for nonpolar amino acids in positions À2 to 4 and in particular for aromatic residues in position À2 and À1, small nonpolar amino acids in position 1, and bulky hydrophobic amino acids in positions 3 to 5. It is also interesting to note the significant deficit of acidic amino acids upstream of occupied glycosylation sites. This contrasts with the overexpected levels observed for unoccupied sites, suggesting that a negative charge in that region may constitute a handicap for glycosylation. These trends are more accentuated in Ser-type sequons. Thus Asn-X-Ser sequons appear to be less efficiently glycosylated and the glycosylation is more sensitive to other sequence effects, confirming the fragility of their recognition by OST compared to Asn-X-Thr sequons.
Alterations in primary structure could provide a control mechanism for ensuring preferential glycosylation at particular sites. This may prove crucial in conditions that put a strain on the ER glycosylation machinery. There is increasing evidence that not all glycosylation sites are equally important for glycoprotein function. For example, in mouse tyrosinase the absence of glycans at sites Asn 71 and Asn 371 produce loss of activity due to a dramatic (Lindqvist et al., 1993) ; right, vv, Asn B291 in serine carboxypeptidase II, pdb code 3sc2 (Liao et al., 1992) .
Protein glycosylation sites alteration in the protein±calnexin interaction during folding . In contrast, sites Asn 111 and Asn 161 are not occupied at all, while preventing glycosylation at sites Asn 230 and Asn 337 leaves tyrosinase fully functional. Critical sites, such as Asn 71 and Asn 371, need to be occupied under all conditions for function. We note here that indeed Asn 71 and Asn 371 present typical signatures for a preferential recognition by the OST (VFYNRTCQC and IFMNGTMSQ). It is also interesting to note that hydrophobic amino acids in the vicinity of the glycosylation site appear to increase the affinity of UDPglucose glycoprotein:glucosyltransferase (UGGT) for short glycopeptide substrates (Taylor et al., 2003) .
The Asn-GlcNAc linkage has a single preferred conformation The Asn-GlcNAc linkage exhibits the same conformation in 90% of the structures. The y N value of 180
, and its relatively narrow distribution is expected for a trans amide linkage, only 1.2% of structures showing a cis amide linkage. The f N values occur in a wider range centered at~240 . These results are in agreement with experimental results on glycopeptides using NMR spectroscopy (Wormald et al., The surface composition around occupied glycosylation sites excluding residues from À2 to 3 in the local sequence. Pro, proline; GA, small hydrophobic amino acids (Gly, Ala); hfb, larger hydrophobic amino acids (Val, Leu, Ile, Met); aro, aromatic amino acids (Phe, Tyr, Trp); hfl-O, hydrophilic amino acids with oxygen side chains (Ser, Thr); hfl-N, hydrophilic amino acids with nitrogen side chains (Asn, Gln); aci, acidic amino acids (Asp, Glu); bas, basic amino acids (Lys, Arg, His). (B) The distribution of protein atoms within 4 A Ê of any glycan atom. This is compared to the average atom compositions of the protein surface and of the protein core, measured over the entire database. Ca, C, N, O, peptide backbone atoms using standard pdb nomenclature; C sp3 1, sp3 carbon atoms in hydrophobic amino acid side chains (Leu, Ile, Val, Ala, Met, Cys, Phe, Trp, Tyr); C aro , sp2 carbon atoms in aromatic rings (Phe, Trp, Tyr); C pro , carbon atoms in proline side chains; C sp3 2, sp3 carbon atoms in hydrophilic amino acid side chains (Asp, Glu, Asn, Gln, Lys, Arg, His, Thr, Ser); C, nonsp3 carbon atoms in amino acid side chains which are attached to nitrogen or oxygen (Cg of Asp and Asn, Cd of Glu and Gln, Cx of Arg, ring carbons of His); N sc , side chain nitrogen atoms; O sc , side chain oxygen atoms. A.-J. Petrescu et al. 1991; Davis et al., 1994) and a previous statistical analysis of X-ray structures (Imberty and Perez, 1995) .
It is interesting to note, however, that from the large data set analyzed here a second minor basin is shaping up. This is centred at f N~7 5
, with a shift of over 30 from the secondary minima of f N~4 0 predicted from energy calculations (Imberty and Perez, 1995) . The minor conformer is seen in~12% of structures and it is well separated from the main f N conformer.
N-glycosylation alters the conformational preferences of the Asn residue side chain to more extended conformers and reduces the overall conformational freedom of the side chain The conformational preferences of unmodified Asn side chains have been reported to be sensitive to surface exposure (Pickett and Sternberg, 1993) . Therefore we looked separately at the side chain conformational distribution for glycosylated Asn residues, unglycosylated Asn residues in a glycosylation sequon, solvent-exposed Asn residues and buried Asn residues. The residues in all four categories exhibited the same three distinct conformations (labelled g , g À and t according to the w 1 value). Although small differences were observed between the three classes of unmodified Asn residues, their conformational behaviors were broadly similar. However, whereas the unmodified Asn residues showed a distinct preference for the g À conformer in preference to the t conformer, this was completely reversed for the glycosylated Asn residues. The change from g À to t has the effect of extending the Asn side chain and increasing the distance between the first GlcNAc residue and the peptide backbone. The rotamer distribution for the modified Asn side chains is similar to that previously reported (Imberty and Perez, 1995) , although these authors state that this distribution is the same for unmodified Asn residues.
The second observation is that there is a very significant decrease in the standard deviation of the c 2 distribution for glycosylated Asn residues compared to the three sets of unmodified Asn residues. This decrease in the conformational space sampled by the Asn side chain on glycosylation is consistent with the proposal that glycans may limit the conformational space available to a peptide backbone (Imperiali and O'Connor, 1999) . This restriction may be also interpreted as reduction in the potential dynamic freedom of the Asn side chain on glycosylation. There is extensive experimental evidence that glycosylation results in a shortrange decrease in the backbone flexibility of highly flexible peptides (Imperiali and Rickert, 1995; Wormald et al., 2002) and a long-range decrease in the backbone flexibility of folded proteins . Dynamic studies have recently shown that moving in toward the protein core there is a progressive freezing out of anharmonic dynamics (Dellerue et al., 2001) . Combining these observations, one could speculate that glycans might alter the dynamics of the Asn side chain by shifting local properties closer to those of a protein core. This would increase the relaxation times of the Asn residue and surrounding side chains and provide a mechanism for the reduction in dynamics to be relayed to more remote parts of the protein.
N-glycosylation occurs more frequently at points of change in secondary structure General dogma suggests that N-glycosylation usually occurs on flexible loops. A previous statistical analysis suggested that 25% of glycosylation sites occur on b-turns (Imberty and Perez, 1995) . The analysis of the secondary structure around occupied glycosylation sites shows that N-glycosylation can occur on all type of secondary structure, with a bias toward turns and bends. However, the most striking observation is that there is a highly increased probability of glycosylation sites occurring at or just after points in the chain where there is a change in secondary structure. This raises the possibility that glycosylation favors reorientation of the peptide chain. As well as stabilizing a particular local fold, glycans may play a role in organizing the folding process by promoting changes in backbone conformation in folding intermediates. The positions of glycosylation sites may have evolved to act as landmarks for ending or starting regions of regular secondary structure to promote efficient folding.
The location of glycosylation sites in regions of low accessibility may be significant for function In globular proteins, the surface is not smooth, and simple concepts such as local curvature can be used only in a qualitative way. Alternatively one can use accessibility as a quantitative parameter to describe one aspect of the surface geometry. We use both of these approaches to characterize the protein surface around glycosylation sites.
The observed surface topologies around occupied glycosylation sites are very varied. Less than 50% of sites are located on convex surfaces (xx and xf: 44%). In these cases, the glycan makes either no contacts with the protein surface or very few, usually via the acetamido group of the first GlcNAc residue (for example, see Figure 5A , right). There is a significant number of sites in which the Asn and core glycan residue(s) fill a groove or hole (vv, vi, and e: 28%) and make extensive contacts with the protein surface. The overrepresentation of these sites suggest that such protein± glycan contacts are significant, possibly as a means of stabilizing the local or global structure of the protein as previously mentioned.
Potential glycosylation sites cover the whole range of Asn residue side chain accessibilities from fully accessible to nearly completely buried. The occupancy of sites with different accessibilities is reasonably constant, except for a decreased occupancy at high and very low accessibility. The former has to be treated with some care because this may just reflect the fact that glycans attached to fully accessible Asn residues are likely to be more mobile and so are less likely to be resolved in the electron density. The latter might be expected. However, because protein glycosylation precedes folding the inaccessibility of the Asn in the folded protein does not mean that it is inaccessible to the OST. There are two possible explanations for the absence of a glycan at an inaccessible site: (1) The presence of the glycan leads to protein misfolding and degradation, and so only the small percentage of unglycosylated proteins survive; or (2) the site is not recognized by the OST. Analysis of the amino acid sequence of the subset of unoccupied glycosylation Protein glycosylation sites sites with very low accessibility (less than 2% for a monosaccharide probe) shows that 29% have Pro at position 1 (compare with 12% in the complete set of unoccupied sites), 77% have Ser at position 2 (compare with 59%), and 24% have acidic residues at positions À1 or À2 (compare with 14%). All these factors have been associated with reduced glycosylation site occupancy. Approximately 95% of these inaccessible sites present at least one of these nonoccupation signature elements. This strongly suggests that local primary structure is indeed used as a mechanism for control of occupancy in vivo.
Given the hydrophilic nature of monosaccharides, one might have expected there to be fewer occupied glycosylation sites with lower accessibilities and more with higher. The small number of potential sites with a very high accessibility is consistent with the idea that protein± glycan contacts are functionally significant and have been selected for during evolution. The significant number of N-glycosylation sites with low accessibilities in folded proteins is interesting from the point of view of the protein folding quality control mechanism because UGGT recognizes the first residue of the glycan core (Parodi, 2000a ) and this will be inaccessible in these cases (discussed further shortly).
Glycosylation sites occur on hydrophobic regions of the protein surface
The average chemical composition, determined either by amino acid type or atomic composition, of the protein surface in the region of a glycosylation sites is significantly different from the normal composition of protein surfaces, even after filtering out the effects of the required presence of a Ser or Thr residue in the sequence. In particular, there is a big increase in the presence of aromatic groups, a smaller increase in the presence of other hydrophobic groups, and a significant decrease in the presence of basic groups. The increased occurrence of surface aromatic and hydrophobic groups is still observed after filtering out all the residues that are close in sequence to the glycosylation site. The regions of protein surfaces in contact with glycans show an atomic composition intermediate between that of the average protein core and average protein surface, except for the higher incidence of aromatic side chain atoms. This provides evidence for the hypothesis that in a significant number of cases N-linked glycans are involved in covering/ stabilizing hydrophobic patches of the protein surface but that stabilization of regions of positive charge by N-linked glycans (Wyss et al., 1995) is not a general phenomenon.
The role of glycosylation in protein folding
It is becoming apparent that N-linked glycans can play a wide variety of roles during protein folding both in vitro and in vivo. The high incidence of aromatic amino acids distant in sequence but close in space to glycosylation sites, the observation that glycosylation sites occur more frequently at points of change in secondary structure and the large number of glycosylation sites with a low accessibility in the folded protein give rise to several hypotheses regarding folding and folding control mechanisms.
Glycans are thought to directly affect protein folding pathways by reducing the conformational freedom of the local peptide backbone and thus reduce the loss of configurational entropy on folding (Hoffman and Florke, 1998) . The analysis of the secondary structure around glycosylation sites also raises the possibility that glycans may act as markers for points where changes in secondary structure occur by stabilizing particular backbone conformations. The increased incidence of aromatic amino acids distant in sequence but close in tertiary fold to glycosylation sites suggests that N-linked glycans might have a further, more direct role in folding, by acting as nucleation sites for remote parts of the protein chain rich in aromatic amino acids. This hypothesis is supported by in vitro experiments indicating that the N-linked glycans promote folding based on glycan±protein hydrophobic interactions (Nishimura et al., 1998; Jitsuhara et al., 2002) .
The recognition and processing of terminal N-linked glycan residues in the ER protein folding and quality control mechanisms is well documented (Parodi, 2000a,b) . Protein folding requires cycles of reglucosylation by UGGT and calnexin/calreticulin-assisted folding. There is now considerable evidence that the location of the glycosylation sites can be critical. UGGT recognition requires binding to both exposed hydrophobic patches on the surface of the partially folded protein (Sousa and Parodi, 1995) , either from residues close in space or close in sequence (Taylor et al., 2003) and to the innermost residue of the glycan (Parodi, 2000a) . Although there is an increased probability of finding surface hydrophobic amino acid residues in the vicinity of the glycosylation site, this is a short-range effect (up to 5 A Ê ), and by being in such close vicinity to the glycan in the correctly folded protein these residues will evade recognition by UGGT. The observation that many Asn residues in N-glycosylation sites have a low accessibility in the folded protein is more intriguing. In these cases, correct local folding will protect the first glycan residue from UGGT recognition and thus provide a direct mechanism of controlling reglucosylation (Parodi, 2000b) .
Materials and methods
Glycoprotein and protein crystal structures were obtained from the RCSB PDB (Berman et al., 2000) . Any protein in which at least one GlcNAc residue attached to an Asn residue could be seen was included, whether or not the rest of the glycan chain or chains at other potential sites could be seen. Structures were rejected if the bond length between the Asn side chain and the GlcNAc residue was too long.
To obtain a nonredundant data set, glycosylation sites were clustered in groups that differ from each other by less than two amino acids in a region between positions À2 to 3 around the central Asn residue (using a longer sequence for comparison resulted in too many structurally similar proteins being classified as different). From each cluster, one entry was selected for the nonredundant data set. The criteria used for selection were a minimal number of unresolved atom positions, a maximal number of glycan units attached to the protein, the accuracy of both protein and glycan stereochemistry, and the resolution. Of the A.-J. Petrescu et al. structures in the nonredundant data set, 9% are of over 3 A Ê resolution and 25% less than 2 A Ê resolution. Most of the clusters (~75%) consisted of one to four structures, whereas 11% of the clusters contained more than 10 structures. With very few exceptions, each member of the nonredundant data set had a different protein conformation around the glycosylation site. We note that in few cases two structures in the nonredundant set did have very similar folds, but in this work they were still considered as distinct entities.
The torsion angles used to describe the Asn residue side chain and Asn-GlcNAc linkage conformations are:
Torsion angles are classified as g 60 , t 180 , and g À À60 (standard IUPAC nomenclature). Histogram plots for each linkage were obtained by counting the number of structures within a specific 10 window (0 ±10 , 10 ±20 , etc.) (Petrescu et al., 1999) . Two conformers were considered distinct if there is at least one distinct minimum between them in the histogram plot of at least one of the torsion angles, adjacent peaks in the histogram are separated by at least 60 and each conformer represented by at least 10% of the sample population. The ranges of torsion angles associated with each conformer can be judged from the width of the peaks in the histogram and the dispersion of the peaks in the torsion angle plots. In cases of doubt we have included rather than excluded structure from the conformer regions, to give the largest possible populations for statistical analysis.
The statistical analysis of the primary structure around each glycosylation site was performed on a 35-amino-acid region between positions À9 and 25. The normal statistical occurrence for each amino acid was determined by measuring their frequencies in each of the polypeptide chains over 100 amino acids long in the nonredundant set of structures (to give the normal occurrence in glycoproteins remote from glycosylation sites, not biased by protein types that are never glycosylated, such as integral membrane proteins). These results were then used to determine an average frequency and standard deviation for each amino acid.
The statistical analysis of the secondary structure around each glycosylation site was performed on the same 35-amino-acid region between positions À9 and 25. The secondary structure for each residue was classified as one of the following: helix (all helices types); extended (all b types); turn (all turns); bend; and random (including bbridges) using the Kabsch and Sander (1983) method as reported in the structure explorer of the PDB server (www.rscb.org/pdb). The rate of structural change, p, in each position n in the interval (À9, 25) was estimated as the probability of having any given type of secondary structure at n followed by any other type of secondary structure at n 1. The average change rate, p ", and standard deviation, e 0 , were determined using the same 35-amino-acid stretches from the nonredundant data set.
Conventional geometry was used to describe qualitatively by visual inspection the protein surface around the glycosylation site and the orientation of the oligosaccharide. For each site two orthogonal directions were considered, the curvature along these directions evaluated by inspection and the curvature classified as follows: convex (x), concave (v), inflection (i), and flat ( f ). The surface can then be locally defined by the curvature in the two directions. Using this taxonomy, there are 10 types of surfaces: xx, xv, xi, xf, vv, vi, vf, ii, if, and ff. We found that very frequently a local ivtype surface occurs when the site is situated on the edge of a groove in a larger flat environment. These were labeled separately as e (edge). This 11-class taxonomy is represented schematically in Table III and provides a qualitative description of the surface geometry.
Characteristics of the surface around the glycosylation sites were evaluated quantitatively using accessibility as measured by the program NACCESS (Hubbard et al., 1991; Hubbard and Thornton, 1993) . The degree of exposure of a given glycosylation site was measured using the accessibility of the Asn residue side chain to a probe of radius 3.0 A Ê (roughly a monosaccharide) in the absence of any glycans. The relative accessibility was defined as the ratio between the side chain accessibility of the Asn residue and that of an Asn residue located in a fully extended GlyAsn-Gly tripeptide. The solvent accessibility for the Asn residues in the presence and absence of the glycan was measured by the same method using a probe of radius 1.5 A Ê .
The chemical composition of the surface around each N-glycosylation site was determined by counting the residues accessible to a 1.5 A Ê probe (size of a water molecule) within a distance of 5 A Ê or 10 A Ê from the glycosylation site. This was compared to the average surface composition remote from glycosylation sites determined for the proteins in the nonredundant data set.
Molecular modeling, the inspection of structures and the determination of protein±glycan contacts were carried out on Silicon Graphics Fuel and Octane 2 stations using the programs Insight II and Discover (Accelrys).
